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Abstract: 11
The regular and predictable nature of the tide makes the generation of electricity with a tidal lagoon 12 or barrage an attractive form of renewable energy, yet storm surges affect the total water-level. 13 Here we present the first assessment of the potential impact of storm surges on tidal-range power. 14 Water-level data (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) at nine UK tide gauges, where tidal-range energy is suitable for 15 development (e.g. Bristol Channel), was used to predict power. Storm surge affected annual 16 resource estimates -5% to +3%, due to inter-annual variability, which is lower than other sources of 17 uncertainty (e.g. lagoon design); therefore, annual resource estimation from astronomical tides 18 alone appears sufficient. However, instantaneous power output was often significantly affected 19 (Normalised Root Mean Squared Error: 3%-8%, Scatter Index: 15%-41%) and so a storm surge 20 prediction system may be required for any future electricity generation scenario that includes large 21 amounts of tidal-range generation. The storm surge influence to tidal-range power varied with the 22 electricity generation strategy considered (flooding tide only, ebb-only or dual; both flood and ebb), 23 but with some spatial and temporal variability. The flood-only strategy was most affected by storm 24 surge, mostly likely because tide-surge interaction increases the chance of higher water-levels on the 25 flooding tide. Tidal energy is an attractive form of renewable energy because of the reliable and predictable nature 49 of the astronomical tides Neill et al. 2016 ). The Earth-moon and Earth-sun systems 50 are responsible for the astronomical tide, which is caused by gravitational forces in combination with 51 M A N U S C R I P T
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the rotation of the Earth. The result of the astronomical tide is observed as regular, and predictable, 52 rise and fall of the sea's surface; see Pugh (1996) The gravitational forcing of the Earth-moon system results in a semi-diurnal tide at potential tidal 101 range sites (period of 12hours 25minutes and thus around two high waters a day), described by the 102 predictability of the resource (see Iyer et al. 2013 ). We hypothesise that storm surges will have a 137 significant effect on the reliability of electricity supply from tidal range schemes: positive storm 138 surges will increase water-levels and the resource, whilst negative surges will reduce the amount of 139 electricity generated. Furthermore, resource estimates may be over-predicted by tide-only 140 hydrodynamic modelling methods, due to tide-surge interaction processes (storm surge more likely 141 to occur on a rising tide -see Horsburgh and Wilson, 2007), which would reduce the tidal range 142 available for generating electricity. 143 144
Here, we investigate the effect of storm surges to the predicted power from tidal range 145 energy, determining if "tide-only" (i.e. no storm surge) hydrodynamic models are acceptable for 146 resource estimation, and if variability on power output due to storm surges warrants a tidal power 147 electricity supply prediction system for grid planning measures. . In a site of (a) known tidal 148 conditions, (b) a given plant operation sequence and (c) appropriate formulae that represent the 149 performance of constituent hydraulic structures, it is feasible to simulate the overall performance of 150 a tidal range power plant over transient conditions (Angeloudis and Falconer, 2016). The operation 151
can be modelled using a water level time series as input. This corresponds to the 0D modelling 152 approach of tidal range energy. Differences in the power estimated by the 0D modelling approach of 153 were identified as potential tidal range energy sites where the M2 tidal component was greater than 166 2.5 m (i.e. the mean tidal amplitude). These nine tide gauge sites are shown in Figure 1 , with the M2 167 amplitude calculated from a well validated 3D ROMS tidal model described in Lewis et al. (2014b) . 168
Interestingly, it should be noted that all sites identified using this method are on the west coast of 169 the UK, with some sites on the east and south coast having M2 amplitudes just under the 2.5m 170 threshold when the tide gauges were analysed (e.g. Dover). 171 172
An example of tide and storm tide data is shown in Figure 2 only. The "0D" modelling approach is a backward difference numerical model that calculates the 191 upstream water-level at the next time-step by using the previous upstream water-level, which 192 defines the discharge (Q) through the tidal power structure (between the sea and the basin), and 193 thus the amount of power available for the turbines (P); calculated using the hill chart of Figure 3  194 and the assumptions summarised in Table 2.  195  196 It should be noted that similar findings were found for small tidal power plant designs when 197 comparing our "0D" modelling approach and depth-averaged shallow water equation, or "2D", 198 modelling approaches that include many more physical processes coupled with operation algorithms 199 of tidal range power plants (Yates et astronomical tide data (tide-only) and storm tide data (tide and storm surge). Water-level records at 203 the nine tide gauges were between 76% and 94% complete (see Table 1 ), thus when no water-level 204 25 m) ; although all sites experienced sizeable positive (> +1.3 m) and 220 negative surges (< -0.7 m), with a near zero mean surge (see Table 3 ) -as is expected (hence the 221 term mean sea level, which both tides and surges oscillate upon). However, frequently storm surges 222
were greater than 10% of the measured tide in the water-level time-series (28% to 45% for the nine 223 sites -see "EXC" in Table 3 ), and so surges do appear to alter the available resource for tidal-range 224 power stations. 225 226 3.1.
Tide-surge interaction 227
Times of high water (HW) and low water (LW) were calculated using the astronomic tide-only time-228 series, and the storm surge height relative to the time of HW used to investigate tide-surge 229 interaction at each site; as is summarised in Table 3 . At site 1 (Avonmouth) and site 3 (Hinkley Point), 230 the mean storm surge tended to be positive at HW and during the flood stage of the tide, whilst the 231 storm surge tended to be negative at LW and during the ebb stage of the tide. Site 2 (Newport) also 232 exhibited similar trends to sites 1 and 3 (see Table 3 ), with the exception that the mean low water 233 (LW) surge is near zero instead of negative. Other tide gauge locations (sites 4-9) showed a less 234 pronounced trend, and can be considered to typically exhibit less tide-surge interaction; we 235 demonstrate this with Fast Fourier Transform (FFT) analysis of the residual ("storm surge") time-236 series, with the amplitude of the peak closest to 12.42 h being shown in Table 3 as a percentage of 237 the mean astronomical tide amplitude (M2). This FFT analysis of the storm surge component aims to 238 quantify the magnitude of tide-surge interaction, by calculating the magnitude of the oscillation of 239 the storm surge time-series with the period of the tide; showing that sites 1 (Avonmouth), 2 240 (Newport) and 3 (Hinkley Point) have the strongest tide-surge interaction measure (see Table 3 ). 241 242
To further demonstrate tide-surge interaction, we show the mean tide-surge climate for a 243 number of interesting sites, by plotting the surge magnitude likelihood at different times relative to 244 HW. Storm surge was discretised into ½ hour and 5 cm 'bins' and plotted in Figure 5 . The storm 245 surge distribution relative to the time of High Water (HW) for the 12-year record at Hinkley Point 246 (site 3) is shown in Figure 5 , and shows that a positive storm surge is more likely before high water 247 during the flooding tide with a negative surge more likely at low water. The contrasting site of 248
Mumbles tide gauge, where little tide-surge interaction was found, is shown in Figure 6 . Intra-tidal 249 storm surge distributions for all nine tide gauge sites can be found in the online supplement. Figure 7 , flood-only peak power was under-predicted by tide-only data, yet net electricity 256 generated was similar (<1% under-prediction with tide data); which differs from our theoretical 257 assessment in Figure 2a , and is likely because tidal range power station operating behaviour is 258 included within the 0D modelling approach. Power was over-predicted using tide-only data for both 259 dual and ebb-only strategies in Figure 7 ; with ~14% difference at peak power times and ~10% for 260 electricity produced (i.e. MWh) in this 36 hour period. Tide-only power was found to over-predicted 261 estimated power in the negative storm surge event of Figure 8 for all three strategies; ~20% (flood), 262 9% (ebb) and 5% (dual). Therefore, it appears storm surges can result in differences to estimates of 263 tidal range power (both the timing and magnitude of estimated power output). 264 265
To summarise the influence of storm surge on tidal range power, the performance of 266 technical power prediction using tide data was compared with storm tide data, an example of which 267 is shown in Figure 9 for Hinkley Point (site 3), with results for all nine tide gauge sites shown in the 268 online supplement. Assuming the storm tide power estimate is "actual", and the tide-only power is 269 "predicted", the Normalised Root Mean Squared Error (NRMSE) was calculated to be between 4% 270 and 5% for all electricity generation scenarios in Figure 9 . The error is calculated as the difference 271 between power estimated using storm tide data (Ptotal) and power estimated using tide-only data 272 (Ptide); hence the Root Mean Squared Error (RMSE) was calculated using Equation 2, where n is the 273 number of observations and thus NRMSE is calculated as the RMSE divided by the range of Ptotal 274 values. We also find that there is a large amount of variability (spread of data) in comparison 275 between storm tide and tide power in Figure 9 ; with a Scatter Index (SI) of 29% and 31% for ebb-only 276 generation and flood-only generation strategies respectively, and 15% for dual generation (see also 277 Table 4 Values of zero power estimated in Figure 9 are due to timing differences in generated power 285 (e.g. see Figure 7 and 8) and were present at all sites (see online supplement). Comparing only peak 286 power generated per tide (i.e. irrespective of timing) we find the Scatter Index (SI) reduces 287 considerably (to 9%, 8% and 5% for flood, ebb and dual respectively) but the mean error and bias 288 remain similar. At Hinkley Point therefore, storm surges affect water-levels (see Figure 9 ) which 289 affect the timing and the magnitude of electricity generation, but overall, the mean annual resource 290 is affected by only a small amount; with an under-prediction of the resource with tide-only data by 291 1%. 292 293
A comparison of power estimated with tide-only and storm tide data for a contrasting site, 294 the Mumbles tide gauge, where relatively minimal tide-surge interaction was found (see Figure 6 ), is 295 shown in Figure 10 . A similar amount of scatter to Hinkley Point (Figure 9 ) can be seen in Figure 10 , 296 but much less bias and annual resource differences, as can be seen in Table 4 , which summarises the 297 influence of storm surge at all nine tide gauge locations. Spatial variability to the effect of surges was 298 found between the tide gauges; sites 1-3 (Avonmouth, Newport and Hinkley) exhibited stronger 299 tide-surge interaction (see Table 3 ) and showed annual power estimates were typically under-300 predicted with a tide-only model. Furthermore, the flood-only generation strategy appears the most 301 affected at these high tide-surge interaction sites (sites 1, 2 and 3) -with higher bias measures and 302 annual resource differences (see Table 4 ). Furthermore, the Scatter Index (SI) and the Normalised 303
Root Mean Squared Error (NRMSE) was consistently high for all sites in Table 4 (3% to 8%) with over 304 M A N U S C R I P T
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100% differences in predicted power due to surges occurring for ~50% of the time at all sites (see 305  Table 4 ). 306 307
Averaged for the nine sites, the mean annual power between tide and storm data differed 308 by 0.7% for both flood-only and ebb-only generation strategies. The flood-only strategy was slightly 309 more influenced by storm surge than the ebb-only strategy; with a SI of 37% and bias of -0.38 (for 310 flood-only) compared with 33% (SI) and -0.27 (bias) for ebb-only. The dual generation strategy 311 reported the smallest scatter (SI of 18%), bias (-0.09) and mean annual power difference (-0.2%) 312 when averaged for the nine sites; hence the dual strategy appears the least affected by storm 313 surges. Moreover we find, on average, the mean annual resource estimate is under-predicted with 314 tide-only data (for any electricity generation strategy), but by less than 1%; hence tide-only resource 315 assessments appear sufficient. 316 317 4. Discussion 318
Power generation from tide-only data was compared with power generation from storm tide data 319 (i.e. the astronomical tide plus the storm surge) for nine potential tidal range power station locations 320 in the UK (see Baker 1991). The inclusion of storm surge in estimating the available power reduced 321 the mean annual resource estimate by <1% for the 12-year tide gauge records when averaged for all 322 nine sites, but some spatial and temporal variability was found, as summarised in Figure 11 ; with 323 storm surges increasing the annual resource by 5% (at Avonmouth and at Newport in 2007) or 324 reducing the annual resource by 3% (at Avonmouth in 2003; see Table 4 ). Therefore, the storm surge 325
climate will affect tidal range resource estimates, and hence the use of a tide-only resource 326 assessment will typically under-predict the available resource by ~1%. However, storm surge effects 327 to the annual resource estimation that we observe are small in comparison to other uncertainties, 328 such as the resource interaction with the lagoon or barrage scheme itself (reported to be ~10% - tide-surge interactions were significant, which resulted in positive surges being more likely on a 335 flooding tide, and negative surges more likely on an ebbing tide (Table 4 ). The net result being a 336 mean increase in the annual resource estimate by 1% due to storm surges, with the flood-only 337 generation strategy more affected than the other generation strategies at these sites (see Figure  338 12a), which is counter to the hypothesis that tide-surge interaction reduces the tidal range and thus 339 the resource. Instead, storm surges typically increase the technical resource, as lagoon filling and 340 emptying characteristics (included in the 0D model) often omit any tide-surge interaction effects 341 hypothesised; see Figures 12a and 12c. As tidal range power schemes will alter the local and 342 potentially far-field tidal dynamics (Hooper and Austen 2013), and storm surge magnitude is 343 dependent on water depth (Pugh 1996) , future work should investigate the interaction of storm 344 surges and tidal energy infrastructure -including likely effects to actual electricity production, as 345 well the interaction of tidal energy schemes with the interaction of other marine processes 346
(including the effects of the structures on waves and hence on the resource, see Fairley et al. 2014). 347 348
Comparing the difference in instantaneous power between tide-only and storm tide data, a 349 mean error between 3% and 8% was calculated for the nine sites, with a large amount of variability 350 found; as summarised in Figure 12 . Differences in the storm surge effect to predicted power were 351 also found between electricity generation strategies, with flood-only generation being the most 352 affected and the duel generation strategy least affected (Table 4 and Figure 12 ). Calculating the error 353 in predicting instantaneous power output from tide-only data, the mean Scatter Indices (SI) of 37%, 354 33% and 18%, were calculated at the nine sites for flood-only, ebb-only and dual generation 355 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT strategies respectively. Therefore, the variability to predicted electricity due to storm surges alters 356 the often-stated idea of the "firm and reliable" renewable energy potential of the tides (e.g. The Normalised Root Mean Squared Error (NRMSE) of estimated power between tide and 369 storm tide data, showed flood-only and ebb-only generation strategies were influenced equally by 370 storm surges when averaged through the nine sites (average impact of 5%), with the dual strategy 371 having a slightly lower NRMSE of 4% and a lower Scatter Index (see Figure 12 ). Although dual-mode 372 tidal-range power may be less efficient because of turbine costs (Waters and Aggidis 2016), this 373 strategy appears less affected by storm surges, and thus is a more predictable and reliable form of 374 renewable electricity. 375 376
Finally, if we compare the measures of error and accuracy between using tide only data and 377 total water-level data to predict tidal-range power, as shown in Figure 12 , we see there is a trend of 378 an increasing storm surge effect to predicted power with increasing tidal range (defined here as the 379 sum of M2 and S2 amplitude components, called the Mean High Water Spring or MHWS). For 380 example, locations with the largest tidal range were found to have the biggest difference when 381 comparing predicted power between the two methods (Figure 12e and 12f) . Therefore, from a 382 global perspective, where large tidal range is required for tidal power (mean tidal range above 5 m; 383
Baker 1991) or in areas where climate change may increase storminess (Lewis et al. 2011), we should 384 expect that storm surge is likely to affect electricity generated by tidal range power stations. 385 386
Conclusion 387
Renewable energy sources are intermittent, and pose a challenge with integration to the electricity 388 supply network due to concerns of reliability. Tidal power is often presented as a firm renewable 389 energy source with predictable intermittency based on the tidal period. Using data from UK tide 390 gauge records, we show storm surges alter water-level in regions suitable for tidal energy, which can 391 affect the theoretical instantaneous power of a tidal-range energy scheme. Although a roughly equal 392 number of positive and negative storm surges occur within a year, annual resource estimation was 393 shown to be influenced by the storm surge climate, most likely due to wave-tide interaction effects, 394 but the effect to annual resource estimation was small -especially compared to other sources of 395 uncertainty. Therefore, tide-only resource assessments appear largely accurate, but, due to the large 396 amount of variability in instantaneous power, storm surge predictions may be required for 397 incorporation of tidal range electricity into an electricity grid -something already done routinely as 398 part of coastal flood risk early warning system in the UK. Further, of the three electricity generation 399 methods for tidal range power, the flood-only strategy is most influenced by storm surges and dual 400 electricity strategy the least, which could be an important factor in consideration of scheme design. 
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